GIP is an important insulinotropic hormone (incretin) that has also been implicated in fat metabolism. There is controversy regarding the actions of GIP on adipocytes. In the current study, the existence of GIP receptors and effects of GIP on lipolysis were studied in differentiated 3T3-L1 cells. GIP receptor messenger RNA was detected by RT-PCR and RNase protection assay. Receptors were detected in binding studies (IC 50 26.7 Ϯ 0.7 nM). GIP stimulated glycerol release with an EC 50 of 3.28 Ϯ 0.63 nM. GIP (10 Ϫ9 -10 Ϫ7 M) ϩ IBMX increased cAMP production by 1180 -2246%. The adenylyl cyclase inhibitor MDL 12330A (10 Ϫ4 M) inhibited GIP-induced glycerol production by Ͼ90%, and reduced cAMP responses to basal. Preincubation of 3T3-L1 cells with insulin inhibited glycerol responses to GIP, and the inhibitory effect of insulin was blocked by the phosphatidylinositol 3Ј-kinase inhibitor, wortmannin. It is concluded that GIP stimulates glycerol release in 3T3-L1 cells primarily via stimulation of cAMP production, and that insulin antagonizes GIP-induced lipolysis in a wortmanninsensitive fashion. It is suggested that effects of GIP on fat metabolism in vivo may depend upon the circulating insulin level, and that mealreleased GIP may elevate circulating fatty acids, thus optimizing pancreatic ␤-cell responsiveness to stimulation by glucose and GIP.
G LUCOSE-DEPENDENT insulinotropic polypeptide
(gastric inhibitory polypeptide; GIP) is released from the small intestine in response to a meal and stimulates insulin secretion in the presence of elevated circulating glucose (1, 2) . This incretin action is shared by peptide products of the proglucagon gene, glucagon-like peptide-1 (GLP-1(7-36amide)) and GLP-1(7-37) (3), and there is currently considerable interest in the potential of using incretin analogs for the treatment of noninsulin-dependent diabetes mellitus (NIDDM) (4) . In addition to its effect on insulin secretion, GIP has also been implicated in the regulation of fat metabolism, an action that could also be of paramount importance in the normal regulation of insulin secretion (5) .
Ingestion of triglycerides increases circulating GIP by a pathway that involves both metabolism (6, 7) and absorption of fatty acids (8, 9) . Several lines of evidence support a role for GIP in the subsequent disposal of circulating triglycerides (10) . Administration of GIP promoted chylomicron-associated triglyceride clearance from blood in dogs (11) , and reduced peak plasma triglyceride levels during an intraduodenal fat infusion in rats (12) . GIP has also been shown to stimulate lipoprotein lipase activity in cultured preadipocytes (13) , an effect that would result in increased cellular uptake of triglycerides. There is less known regarding the direct effects of GIP on adipocyte lipid metabolism, but it has been reported to enhance incorporation of both fatty acids (10) and glucose (14) into lipids, and to inhibit glucagon-stimulated lipolysis and cAMP production (15, 16) . These studies have been interpreted as being consistent with an overall anabolic effect of GIP in adipose tissue. However, in the pancreatic islet, GIP exerts its major effects via stimulation of adenylyl cyclase (17, 18) . Because hormonal stimulation of release of glycerol and fatty acids from adipocytes is generally associated with increased levels of cAMP and stimulation of hormone-sensitive lipase activity (19) , it would be anticipated that GIP would exhibit lipolytic, rather than lipogenic, effects.
In the current study, the presence of GIP receptors and the effect of GIP on lipolysis were studied in differentiated 3T3-L1 cells (adipocytes), a cell line which has been shown to exhibit many of the characteristics of normal adipocytes, including responsiveness to insulin and lipolytic hormones (20) . GIP receptors were detected in these cells, and GIP acted as a lipolytic hormone primarily via stimulation of cAMP production. In addition, insulin was found to be capable of antagonizing GIP-induced lipolysis in a wortmannin-sensitive fashion. It is suggested that GIP-induced elevations in circulating FFA are involved in the optimization of pancreatic ␤-cell responsiveness to the synergistic stimulatory actions of glucose and GIP. The response of the adipocyte to GIP may depend upon the prevailing circulating insulin level.
Materials and Methods

Culture of 3T3-L1 cells
3T3-L1 cells (American Type Culture Collection; ATCC) were cultured in DMEM containing high glucose and supplemented with 5% newborn calf serum plus penicillin/streptomycin (standard medium) in 12 or 24 well Corning or Falcon culture plates. Cells were induced to differentiate into the adipocyte phenotype by a modification of the method described by Rentsch and Chiesi (21) . Two days after cells were confluent, medium was supplemented with dexamethasone (0.6 m), 3-isobutyl-1-methylxanthine (IBMX; 0.1 mm) and insulin (16 m) for 72 h, after which cells were cultured in DMEM high glucose medium ϩ 10% FCS. Differentiation was complete in 7 days. Before use in lipolysis studies, cells were washed twice with medium consisting of (mm) NaCl (137.0), KCl (5.4), Na 2 HPO 4 (0.34), KH 2 PO 4 (0.44), NaHCO 3 (4.2), HEPES (10.0), CaCl 2 (1.26), MgSO 4 (0.81), glucose (11.0), and ascorbate (0.57), pH 7.4, and incubated for 30 min in this medium. In standard protocols, cells were incubated for 4 h at 37 C in the above medium containing 2% fatty acid free BSA, gassed with 5% CO 2 , in the absence or presence of the ligands described in the text. The medium was removed and frozen at Ϫ20 C. Fully differentiated cells (Ͼ85% adipose cells) from passages 3-9 were used in all experiments.
GIP receptor: RT-PCR analysis
Total RNA was isolated from 3T3-L1 cells (passage 7) or rat epididymal fat using a modification of the method of Chomczynski and Sacchi 
GIP receptor: ribonuclease protection assay
All reagents used in the ribonuclease protection assay were from Ambion, Inc. (Austin, TX). An antisense probe of approximately 300 nucleotides, complementary to the C-terminal tail of the GIP receptor DNA, was transcribed using the Megascript SP6 kit. A sense control probe consisting of a 200 nucleotide fragment of the antisense probe was transcribed in the same manner. A probe complementary to 80 nucleotides of 18S ribosomal RNA was also transcribed using pTRI RNA 18S antisense Control Template. Probes were labeled with biotin using the Brightstar Psoralen-Biotin Nonisotopic labeling Kit. Total RNA (5 g) from either 3T3-L1 cells or rat adipose tissue was coprecipitated with 190 ng of antisense probe, 50 pg of sense probe and 420 ng of 18S ribosomal probe, resuspended in hybridization buffer, and hybridized at 44 C for 18 h. Single-stranded RNA was digested with RNase A and RNase T1 at 37 C for 30 min using RPA II kit reagents. Double-stranded RNA was precipitated, subjected to electrophoresis on a 5% acrylamide/8M urea gel, and transferred to a positively charged nylon membrane. Biotinylated RNA was detected using a streptavidin-alkaline phosphatase conjugate that binds CDP-Star to give a chemiluminescent signal. The membrane was exposed to film for 2.5 min.
Iodination of GIP and binding analysis
Synthetic porcine GIP (5 g) was iodinated by the chloramine-T method, and the 125 I-GIP further purified by reverse phase HPLC to a specific activity of 250 -350 Ci/g (17) . Aliquots of tracer were lyophilized and stored at Ϫ20 C until use. Binding analysis was performed as described previously (17) Binding to CHO-K1 cells (2 ϫ 10 5 /well), transfected with the wild-type GIP receptor (wtGIP-R1) and grown as described previously (17) , was analyzed in parallel. Following incubation, cells were washed twice in ice cold buffer, solubilized with 0.1M NaOH (1.0 ml), and transferred to test tubes for counting of cell associated radioactivity. Nonspecific binding was defined as that measured in the presence of an excess of shGIP (1 m) and specific binding was expressed as a percentage of binding in the absence of competitor (%B/Bo).
Measurement of glycerol release
Following incubation of 3T3-L1 cells, for the time periods indicated in figure legends, proteins in the incubation medium were precipitated with 1/10 vol. of 7% (wt/vol) ZnSO 4 , incubated on ice for 10 min, and 1/5 vol. 0.1 m NaOH added at room temp. The mixture was centrifuged and the supernatant assayed for glycerol with an enzymatic assay based on the method of Wieland (23) using reagents from Boehringer Mannheim (Mannheim, Germany). Data are expressed as means Ϯ sem of glycerol released per well (nmol/well), or nmol change from basal when preincubation of cells with a specific agent resulted in an altered basal secretion. The number of experiments is presented in brackets.
Measurement of cAMP production
In selected experiments, indicated in the Results section, glycerol release, and cAMP production were assayed in parallel. Following incubation, medium was removed for glycerol assay, and cells were extracted with 70% ethanol. The extract was dried by vacuum centrifugation, and cAMP levels measured by RIA (Biomedical Technologies, Stoughton, MA) as previously described (17) . Data are expressed as means Ϯ sem of cAMP production in pmol/well. Number of experiments is presented in brackets.
Data analysis
Binding, glycerol release and cAMP data were analyzed using the nonlinear regression analysis program Prism (GraphPad, San Diego, CA). Statistical analysis was performed using Student's t test. Maximal cAMP and mean EC 50 values were compared using one-way ANOVA, followed by Dunnett's multiple comparison test. P Ͻ 0.05 was considered significant.
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Results
The 3T3-L1 cell GIP receptor: expression and binding
RT-PCR was performed on RNA extracted from differentiated 3T3-L1 cells and rat epididymal fat. Primers were designed to allow amplification of the carboxy terminal region of the GIP receptor. A PCR product was detected after amplification of complementary DNA (cDNA) from both extracts with the predicted size (526 bp) (Fig. 1A) . With the RNase protection assay a band was detected for extracts from both 3T3-L1 cells and adipose tissue corresponding to a transcript of the appropriate size for the C-terminal region of the GIP receptor (Fig. 1B) Binding of 125 I-GIP to 3T3-L1 cells was significantly less than to wtGIP-R1 transfected CHO-K1 cells, or to ␤ cell (␤TC-3) tumor cells (unpublished observations). The IC 50 value of 26.7 Ϯ 0.7 nm (n ϭ 5) was approximately 10.5-fold greater than that for wtGIP-R1 (2.55 Ϯ 0.44 nm; n ϭ 4) (Fig. 2) .
Effect of GIP on lipolysis and cAMP production
Under the standard incubation conditions used (4 h, 37 C), GIP-stimulated glycerol release from 3T3-L1 adipocytes in a concentration-dependent manner over the range 10 Ϫ10 -10 Ϫ6 m (Fig. 3A) . Maximal stimulation was approximately 70% of that obtained with isoproterenol (Fig. 3B) . Over the same concentration range neither glucagon nor GLP-1 (7-36)amide, structurally related insulinotropic peptides, had any significant effect on glycerol release. The EC 50 value for GIP stimulation, averaged over several cell passages, was 3.28 Ϯ 0.63 ϫ 10 Ϫ9 m (n ϭ 11), whereas with isoproterenol it was two orders of magnitude lower: 4.68 Ϯ 0.94 ϫ 10 Ϫ11 m (n ϭ 6). Addition of low concentrations of IBMX (10 Ϫ6 m) to the medium potentiated glycerol release (ϳ38%) under basal conditions, and in response to 10 nm GIP (ϳ24%), suggesting that the effect of GIP on lipolysis was mediated via stimulation of adenylyl cyclase. However, when cells were incubated for time periods in excess of 30 min with concentrations of IBMX sufficient to maximally block phosphodiesterase activity (1-2 mm), subsequent responses to GIP were reduced or abolished. Preincubation with forskolin (50 m) resulted in similar reductions in responsiveness, indicating that it was probably due to cAMP-mediated desensitization. Therefore, when examining the effect of IBMX on cAMP responses only 30 min exposures were used. Under these conditions, basal cAMP levels, in the absence and presence of IBMX, were 2.75 Ϯ 0.06 and 25.18 Ϯ 0.86 pmol/well respectively. GIP resulted in concentrationdependent increases in cAMP (n ϭ 6): at concentrations of 10 Ϫ9 , 10 Ϫ8 , and 10 Ϫ7 m GIP cAMP levels were 3.51 Ϯ 0. and isoproterenol (B). Cells were incubated under standard conditions for 4 h, as described in Materials and Methods, the medium removed and glycerol content measured. n ϭ 11 for GIP and 6 for isoproterenol.
Effect of inhibition of adenylyl cyclase on GIP-stimulated glycerol release
To establish that GIP-stimulated release of glycerol was associated with increased cAMP production, a study was made on the effect of the adenylyl cyclase inhibitor MDL 12330A on both parameters. A strong link between GIPinduced cAMP production and glycerol release was obtained in a study in which both parameters were measured over time in the presence and absence of 10 Ϫ4 m MDL 12330A (Fig.  4) . Glycerol secretion continued throughout the 120 min. experimental period (Fig. 4A) . cAMP accumulation reached a peak within 15 min (Fig. 4B) . In the presence of 10 Ϫ9 m GIP cAMP levels returned to basal by 60 min whereas, with GIP at higher concentrations, cAMP remained elevated, although at levels less than those at 15 min. MDL 12330A almost completely abolished cAMP responses (Fig. 4D) , apart from those in the presence of 10 Ϫ7 m GIP. Glycerol production was significantly reduced by MDL 12330A at all time periods ( Fig. 4C ; P Ͻ 0.05).
Effect of insulin on GIP-stimulated glycerol release
Preincubation of cells for 30 min with insulin reduced basal glycerol release, and inhibited responses to both GIP (10 Ϫ8 m) and isoproterenol (10 Ϫ10 m) in a concentrationdependent manner (Fig. 5A ). Significant inhibition (P Ͻ 0.05) was obtained at an insulin concentration of 10 Ϫ11 m (n ϭ 6 -7; P Ͻ 0.05), and 50% inhibition of responses occurred at insulin concentrations of 1.07 ϫ 10 Ϫ10 m with GIP and at 0.75 ϫ 10 Ϫ10 m with isoproterenol. Maximum inhibition, obtained with an insulin concentration of 10 Ϫ8 m, was 71.6 Ϯ 6.1% with GIP and 85.2 Ϯ 5.5% with isoproterenol. When cells were preincubated with a low concentration of insulin (10 Ϫ10 m) and GIP responses subsequently measured in its presence, responses were reduced throughout the GIP concentration range (Fig. 5B) .
Effect of wortmannin on insulin-induced inhibition of responses to GIP
To determine whether the inhibitory effect of insulin on GIPinduced glycerol release was associated with the stimulation of phosphatidylinositol (PI) 3Ј-kinase, the effect of the selective inhibitor wortmannin on responses to GIP was tested. Incubation of 3T3-L1 adipocytes with wortmannin at concentrations of 10 Ϫ9 -10 Ϫ7 m had no effect on basal glycerol release: rates were 47.8 Ϯ 0.8 nmol per well in the absence and 48.8 Ϯ 2. 
sponses to 10
Ϫ8 and 10 Ϫ7 m GIP were not significantly different from those to GIP alone (Fig. 6) , indicating almost complete abolition of insulin's inhibitory action.
Discussion
There is convincing evidence in the literature that GIP is involved in the clearance of postprandial circulating triglycerides (11) (12) , and such a function is consistent with fat being the most powerful stimulus for GIP secretion (1, 2). In contrast, the literature regarding direct effects of GIP on fat cell triglyceride metabolism is less definitive. Dupre and coworkers (16) reported that GIP was nonlipolytic on adipocytes from rat epididymal fat pad, but that it inhibited both glucagon-stimulated lipolysis and cAMP production. In contrast, Ebert and Creutzfeldt (15), using a similar adipocyte preparation, found that GIP stimulated cAMP production and induced small increases in glycerol release. Both groups reported that GIP displaced 125 I-glucagon binding from adipocytes, implying that GIP interacted with the glucagon receptor (15, 16 ). An important implication from these studies was that the predominant effect of GIP on lipolysis was mediated via the glucagon receptor. It had been observed by us earlier (reviewed in Refs. 1 and 24) that pancreatic islets isolated by collagenase digestion were only weakly responsive to GIP, presumably due to receptor damage by the enzymatic digestion. Because rat adipocytes are isolated using a similar procedure, reduced receptor content may explain the previous inability to observe specific GIP effects on lipolysis. An additional factor may have been the use of high concentrations of phosphodiesterase inhibitors because, as described in this study, such treatment results in greatly reduced responsiveness, possibly due to receptor desensitization.
The 3T3-L1 cell line has been used extensively for studying the mode of action of lipolytic and lipogenic hormones. Differentiation of 3T3-L1 preadipocytes is accompanied by increases in proteins characteristic of mature adipocytes including catecholamine-stimulated adenylyl cyclase (25), hormone-sensitive lipase (26) , and cAMP phosphodiesterase (27) . The differentiated cells are also responsive to many lipolytic hormones (20) , and these cells were therefore considered appropriate for examining a possible lipolytic action for GIP.
The 3T3-L1 adipocytes express a GIP receptor with similar characteristics to that from the rat pancreatic islet (17, 18) although it appears that, under the conditions of culture used, the receptor population is mainly in a lower affinity state. It is clear that GIP is a fairly potent lipolytic hormone in 3T3-L1 adipocytes, and that it acts primarily via stimulation of cAMP production. The 3T3-L1 adipocytes used in the current study were found to be unresponsive to glucagon, in FIG. 5 . Inhibition of glycerol responses to GIP and isoproterenol in 3T3-L1 adipocytes by varying concentrations of insulin (A) and concentration-response to GIP in the presence and absence of insulin (B). For (A) glycerol was measured in the medium from cells preincubated with insulin for 30 min, followed by a 4 h incubation in the presence of GIP (10 Ϫ8 M) (n ϭ 6). For (B) cells were preincubated with insulin (10 Ϫ10 M), followed by the addition of GIP (10
Ϫ10
-10 Ϫ6 M) (n ϭ 6 -8). Data are expressed as % inhibition of responses in the absence of insulin. In (A) responses were significantly inhibited at concentrations Ͼ10 Ϫ11 M insulin, and in (B) GIP responses were inhibited throughout the concentration range (P Ͻ 0.05).
FIG. 6. Effect of wortmannin on insulin inhibition of GIP-stimulated glycerol release. Cells were preincubated with insulin or insulin ϩ wortmannin for 30 min, followed by a 4 h incubation with the addition of GIP (10 Ϫ8 M) (n ϭ 6). Insulin resulted in a reduction in basal glycerol release. Therefore, to allow comparison, data were calculated as the change from basal levels in the absence or presence of wortmannin. Following wortmannin treatment responses to GIP were not significantly different from responses to GIP in the absence of insulin.
agreement with earlier studies (20, 28) , and GIP effects could not, therefore, have been mediated via the glucagon receptor. Recently, GLP-1 (7-36) was described as having insulin-like effects in 3T3-L1 cells, reducing cAMP production (29) , and increasing glucose uptake and expression of the glucose transporters GLUT1 and GLUT4 (30) , whereas GIP was without effect. In contrast, we did not observe any effect of GLP-1(7-36) on either cAMP or glycerol production (data not shown). Interestingly, Montroze-Rafizadeh et al. (29) were unable to demonstrate the presence in 3T3-L1 cells of the G protein-coupled GLP-1 receptor identified in pancreatic islets, and proposed the existence of a second receptor type. The differences in peptide-induced cAMP responses between the two cultured cell preparations could be due to the conditions of culture and differentiation, since in our studies the degree of responsiveness to GIP was found to be passage-dependent.
A strong link between GIP stimulation of adenylyl cyclase and lipolysis was demonstrated by the use of MDL 12330A (alternatively termed RMI 12330A), a compound that has been shown to inhibit adenylyl cyclase in a number of cell types in parallel with the inhibition of cAMP-mediated responses. This includes myocardial function (31), glucoseinduced insulin biosynthesis (32) , and induction of retinal N-acetyltransferase activity (33) . In the time studies MDL 12330A, at a concentration of 10 Ϫ4 m, reduced cAMP responses considerably, and this was paralleled by a reduction in GIP-stimulated glycerol release. The concentration required to inhibit adenylyl cyclase is similar to that previously shown to be necessary in heart cells (31) . These results, in combination with those demonstrating potentiation by inhibition of phosphodiesterase, provide strong evidence in support of a causal link between cAMP and GIP-induced glycerol production.
Beck and Max (reviewed in Ref. 10) reported that GIP stimulated FA and glucose uptake into adipocytes from epididymal fat pads, and that the former involved an insulindependent, but cAMP-independent, pathway. Because the experiments on 3T3-L1 cells were performed in the absence of insulin, it was considered possible that the observed catabolic effects of GIP were a consequence of this absence. However, studies on the effect of insulin on GIP-stimulated glycerol release revealed that addition of insulin resulted in a concentration-dependent inhibition of both GIP-and isoproterenol-stimulated lipolysis. When cells were incubated in the presence of 10 Ϫ10 m insulin, a concentration equivalent to that found circulating early postprandially (34), responses were significantly reduced over the complete GIP concentration range. Therefore, GIP is probably only capable of stimulating lipolysis during fasting, and in the period immediately following glucose absorption.
Insulin's suppressive effect on catecholamine-induced lipolysis has been shown to involve activation of cAMP phosphodiesterase (27, 35) , resulting in reduced cAMP levels, and dephosphorylation of hormone-sensitive lipase via activation of a protein phosphatase (36) . Additionally, insulinreceptor interaction has been shown to result in phosphorylation of tyrosine residues in G protein-coupled receptors, including the ␤ 2 -adrenergic receptor, an effect that is believed to be directly mediated by the intrinsic tyrosine kinase activity of the insulin receptor (37, 38) . Although the mouse GIP receptor has not been completely sequenced as yet, the rat receptor contains a tyrosine residue in the third intracellular loop, and a second in the C-terminal tail, which are potential phosphorylation sites (Tyr 332 and Tyr 454 ). It is difficult to predict, without evidence of definitive tyrosine kinase consensus sequences (39) , but it is possible that tyrosine phosphorylation of the GIP receptor is involved in insulin's antagonistic action.
It has been demonstrated that wortmannin, a selective inhibitor of phosphatidylinositol (PI) 3Ј-kinase, blocks insulin-induced inhibition of isoproterenol-stimulated lipolysis, suggesting that this enzyme is involved in insulin's inhibitory effect on hormone-stimulated lipase (40) . Wortmannin has also been reported recently to cause partial inhibition of GIP-stimulated insulin secretion from HIT cells (41) and GIPactivated MAP kinase in GIP receptor-transfected CHO cells (42) . In contrast, in the present study, wortmannin was not found to have any effect on GIP-induced lipolysis, suggesting that the signal-transduction pathways activated by GIP are cell specific. However, preincubation of 3T3-L1 adipocytes with wortmannin blocked insulin-mediated inhibition of GIP-induced lypolysis, implicating PI-3-kinase. The question of specificity is a concern with wortmannin, because it has have been reported to exert various nonspecific effects. However, PI-3-kinase involvement in the antilipolytic action of insulin is well established (43, 44) , and it seems likely that this enzyme is involved in insulin's effect on GIP-stimulated lipolysis. The pathway involved, however, is unclear. It is currently accepted that following insulin binding, insulin receptor substrates (IRSs) are tyrosine phosphorylated, and interact with the p85 subunit of PI 3Ј-kinase via src-homology 2 (SH2) domains (45) . Subsequent events are not, however, clearly delineated. The phosphatidylinositol (PI) products, PI-3-P, PI-3,4-P 2 and PI-3,4,5-P 3 are clearly the most important second messengers. PI-3,4,5-P 3 has been shown to activate isoforms of protein kinase C (PKC) (46) , and the rat GIP receptor contains the PKC consensus sequence Val-Val-ValArg-Arg-Ser-Glu-Lys-Gly in the second intracellular loop (243-251), suggesting one possible pathway. Alternatively, because at least one of the multiple forms of PI-3-kinase (46) acts as a dual specificity kinase, possessing both lipid and serine kinase activities (46) , phosphorylation of serines in the intracellular loops or C-terminal tail could be involved in the PI 3Ј-kinase-mediated effect.
In summary, the current study provides strong evidence for a lipolytic effect of GIP in 3T3-L1 adipocytes, and a wortmannin-sensitive inhibition by insulin. Although the current results need to be replicated with primary adipocytes in vitro, and in vivo lipolytic responses to GIP must be established, a possible physiological for GIP may be associated with the recent demonstration that circulating fatty acids are essential for optimal glucose stimulation of insulin secretion following fasting (47) . GIP could be capable of stimulating lipolysis under conditions in which insulin levels are of insufficient magnitude to inhibit its action, and this may ensure that levels of circulating FFAs are optimal for glucose-and GIPstimulated insulin secretion. Such a proposal is open to experimental verification.
